Background: Illicium plants are relevant officinal and ornamental species that are native in Eastern Asia, and they are the main sources of shikimic acid. Shikimic acid is an important component of Tamiflu, which is recognized for its ability to resist avian influenza by the World Health Organization. To determine areas where 15 Illicium species can be grown and to understand the importance of species diversity, we should enhance the prediction of suitable areas.
Background
Shikimic acid (3,4,5-trihydroxy-1-cyclohexene-1-carboxylic acid) is commonly known as the main natural raw material of Tamiflu, which is recognized as the first drug to treat avian influenza in clinical settings [1] [2] [3] . The main sources of shikimic acid are Illicium plants, which are naturally distributed in Southeast China, the United States, Burma, and Vietnam [4] (Table 1) [5, 6] . Currently, they are mainly distributed in South and Southeast China, such as Hunan, Fujian and Guangxi. Among these species, I. verum Hook. f., an edible plant which is listed in the Pharmacopoeia of China (2015 edition) and European Pharmacopoeia (7th edition). I. difengpi B. N. Chamg is listed in the Pharmacopoeia of China (2015 edition) and recorded in the Information System of Chinese Rare and Endangered Plants (http://rep.iplan t.cn/protl ist).
As traditional herbal medicines, Illicium plants have been technically investigated on active ingredient synthesis. Here are two ways for shikimic acid synthesis including biosynthetic pathways and chemical pathways. Figure 1a shows the shikimate pathway, which serves as an intermediate product in this pathway to form essential aromatic amino acids [7] [8] [9] [10] [11] . The whole biosynthetic pathway of shikimic acid involves six steps with uncontrollable conditions and a low product yield of 36%. Besides, five routes of shikimic acid synthesis ( Fig. 1b ) have been reported [12] [13] [14] . Diels-Alder method [1, 9] possess a low product yield (15%). Quinic acid is used to produce shikimic acid with more than 7 days [8] . The route with the raw material of mannose which is a novel and simplified strategy has five steps and a low product yield of 25% [9] . Tamiflu plays a key role in resisting avian influenza [10, 15] . Tamiflu synthesis has been widely examined which need shikimic acid as raw material, and research on the suitable distribution areas of the 15 Illicium species has revealed that these plants as natural sources of shikimic acid can be efficient materials to obtain Tamiflu. Nevertheless, the product yield of shikimic acid is low and synthetic procedure is complex, and the possible ecologically suitable areas for Illicium plants are largely unknown [16, 17] . We collated high-quality ground-point data to analyze favorable growing areas for future applications, and we used seven environmental factors to understand the current climate conditions for Illicium plant farming. According to ecological niche, we can assess the habitats which are conducive for the growth of the 15 Illicium species by using a geographic information system for global medicinal plants (GMPGIS), a software could predict the potential distribution of species based on the climate factors analysis and has been applied in many species such as Panax ginseng [18] . Our analyses primarily focused on identifying their suitable habitats of Illicium species at a global scale and determining appropriate areas where they could be introduced and cultivated worldwide. This study could enhance our understanding of the distribution range of Illicium plants, address problems related to shikimic acid supply, and provide strategies to help protect I. difengpi B. N. Chamg, which is an endangered species.
Methods

Data sources of target species
Illicium plants are evergreen trees or shrubs, and they are suited to mountain climate. In this research, the occurrence data points of modeling species distribution were carefully screened to reduce sampling bias and sampling errors from four resources [7, 19] : (1) Chinese Virtual Herbarium (CVH) (http://www.cvh.ac.cn/); (2) National Specimen Information Infrastructure (NSII) (http:// www.nsii.org.cn/2017/home.php); (3) literatures; and (4) field work. The number of sampling points is listed in Table 1 . Using the website http://www.gpssp g.com/maps. htm, we can obtain the latitude and longitude of each point, and the range of the latitude and longitude of the sampling points is shown in Additional file 1: Table S1 .
Environmental variables for modeling
Environmental variables play important roles in determining the potential species' distribution at a global scale.
Hence, these variables are widely used to predict the possible suitable habitats of species. In the present study, the environmental characteristics of 15 Illicium species were characterized by determining seven environmental variables (annual mean temperature, mean temperature of the coldest quarter, annual precipitation, mean temperature of the warmest quarter, humidity, annual radiation, and soil), which were examined according to statistics, ecology, and botany, as well as their close relationship with plant growth.
GMPGIS modeling
We modeled the potential regions of the 15 Illicium species by using the GMPGIS. This system has been verified successfully and has been used to predict potential distributions of many plant species, such as Panax ginseng C.A. Mey and Panax notoginseng (Burk.) F. H. et al. in China [18, 20, 21] . The following equations were utilized during the prediction of suitable distribution of the 15 Illicium species.
Data were standardized as follows:
Similarity clustering analysis was conducted using the following equation:
According to the results of distance calculation [Mind ij , Maxd ij ], we reclassified the distance raster, and the areas at 99.9% similarity were considered the suitable distribution with maximum similarities. Besides, after the intersection between the distance layer which is reclassified and the soil layer, the coincident suitable areas for climate and soil conditions could be obtained.
The Minimum Standards of Reporting Checklist contains details of the experimental design, and statistics, and resources used in this study (Additional file 2).
Results
Analysis of seven environmental variables
The specific ranges of the seven environmental variables of the 15 Illicium species are shown in Table 2 . Different species exist in various soil types. The boxplots containing six environmental variables of the 15 Illicium species are illustrated in Fig. 2 . Most of the variables showed large ranges in group 1 followed by 15, especially annual mean temperature, mean temperature of the coldest quarter, and annual precipitation.
These significant differences could be attributed to different growth environments required by various species.
Ecological niche
Each environmental variable' range was divided into six segments on average, and the area (km 2 ) of each segment for the 15 Illicium species is shown in Fig. 3 . These plants were widely distributed at annual mean temperature of 11.5 -22.0 °C, mean temperature of − 0.7-16.9 °C in the coldest quarter, and annual precipitation of 551-2016 mm. Furthermore, the potential suitable areas were larger at a mean temperature of 19.6-29.4 °C in the warmest quarter, humidity of 61.2-75.2%, and annual radiation of 124.7-156.2 W m 2 .
Analysis of the suitable distribution of the 15 Illicium species
The suitable habitat maps based on the occurrence points of the 15 Illicium species in CVH, NSII databases, and field work are shown in Figs. 4 and 5 and in Additional file 3: Figure S1 . The 15 Illicium species are mainly located in the latitude range of 45°S-45°N, which is south and southeast of China, east of the USA, and south of Brazil. The core area in China where these plants are mainly distributed is 1357.68 × 10 4 km 2 , which ranks first and accounts for 56% of the total area worldwide. This ranking is followed by the USA with suitable areas of 527.42 × 10 4 km 2 . Figure 5 demonstrates that most of the areas in China are climatically suitable for I. difengpi, and only a small area spanning approximately 5% exists outside of China. Additional file 3: Figure S1 shows that I. pachyphyllumis located only in China. According to the map, the potential suitable habitats of the 15 Illicium species are found in six provinces in China ( Fig. 6) 
Discussion
In this study, spatial analysis was conducted using GMP-GIS to define the spatial distribution of habitat suitability and the range of each variable for two classes of habitats of 15 Illicium species. According to the analysis of environmental variables, it is easy to be concluded that different Illicium species exist in different requirement on a growing environment. In addition, Our GMPGIS models successfully showed that the most suitable climate condition for these plants are annual mean temperature of 11.5-22.0 °C, mean temperature of − 0.7-16.9 °C in the coldest quarter, and annual precipitation of 551-2016 mm, in which are roughly consistent with the known regions where the 15 Illicium species exist and mostly located in a large range from S 45° to N 45°. On the basis of the climatic suitable maps of these plants, we can conclude that they covered an area of 1356.75 × 10 4 km 2 in China, which ranked first, followed by the USA with an area of 527.42 × 10 4 km 2 . We speculated that the reason for China topped the rankings is not only China has vast areas could grow Illicium plants, but also there are many endemic species in China such as I. fargesii, I. brevistylum and I. pachyphyllum. I. verum with a high shikimic acid content is mainly distributed 
Conclusion
According to the data on suitable habitats, we recommended that I. verum can be expanded to suitable regions, such as southeast of China and south of Brazil, to solve problems on shikimic acid shortage. I. difengpi can be introduced to Vietnam and Brazil and can thus mitigate its risk of becoming endangered. Some species, such as I. henryi, I. micranthum, and I. dunnianum, which are endemic to China, can be introduced and cultivated in the USA or other favorable regions. This approach possibly addresses the high demands for shikimic acid, protects the diversity of rare or endangered species, and helps governments establish various protection strategies for future ecological conservation.
Abbreviations GMPGIS: geographic information system for global medicinal plants; CVH: Chinese Virtual Herbarium; NSII: National Specimen Information Infrastructure.
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